The mechanism(s) by which serotonin modulates dopamine release in the medial prefrontal cortex is not known, although studies suggest an involvement of 5-HT2 family receptors. We employed in vivo microdialysis and putatively selective 5-HT2A antagonists (M100907, MDL 11,939, SR46349B) to determine if 5-HT2A receptors are responsible for both drug-and stress-induced DA release in the medial prefrontal cortex. MDL 11,939 and SR46349B receptor-binding studies indicated, for the first time, that only MDL 11,939 had greater selectivity for the 5-HT2A vs the 5-HT2C receptor subtypes similar to M100907, and that both showed low or no affinity for non-5-HT2 receptors. Reverse dialysis with 5-HT2A antagonists had little or no effect on basal dopamine efflux. However, intracortical administration of MDL 11,939 or M100907 attenuated dopamine release induced by systemic administration of the 5-HT2 agonist DOI. Dual-probe microdialysis demonstrated that systemic DOI also increased glutamate concentrations in the ventral tegmental area (VTA). This was blocked by intracortical M100907. Cortical perfusion with M100907, or the atypical antipsychotic drug risperidone, but not the 5-HT2B/C ligand SB 206553, also decreased dopamine release induced physiologically by stress. These results indicate that stimulation of cortical 5-HT2A receptors increases the release of dopamine from the mesocortical system. They suggest that this effect may be mediated by increases in glutamate release from corticotegmental projections to the VTA. Additionally, they indicate that cortical 5-HT2A receptors modulate evoked dopamine release, such as that observed physiologically following mild stress. These findings may have implications for the pharmacological treatment of disorders resulting from or exacerbated by stress.
INTRODUCTION
A common property of atypical antipsychotic drugs such as clozapine or risperidone is high affinity for the serotonin-2A (5-HT2A) receptor subtype. However, it is clear that atypical antipsychotic drugs have appreciable affinities for most biogenic amine receptors (Roth et al, 2004) . The apparent preferentially high affinity for 5-HT2A receptors led to the hypothesis that antipsychotic efficacy may be related to the ability of a drug to antagonize 5-HT2A receptors (Meltzer, 1989) . Studies show that atypical antipsychotic drugs regulate dopamine (DA) release in the medial prefrontal cortex (mPFC) (eg Moghaddam and Bunney, 1990; Pehek and Yamamoto, 1994) . Since abnormalities in the mesocortical DA system have been associated with the negative symptoms of schizophrenia (Weinberger, 1987) , it is possible that a causal link between 5-HT2A receptor antagonism, alterations in mesocortical DA release, and clinical efficacy exists.
Neurons in the mesocortical DA system originate in the ventral tegmental area (VTA) and project to the mPFC. Both the mPFC and VTA are innervated by serotonergic neurons originating in the dorsal raphe (Azmitia and Segal, 1978; Beart and McDonald, 1982) . Immunohistochemical studies indicate the presence of 5-HT2A receptors in both the PFC (Willins et al, 1997; Jakab and Goldman-Rakic, 1998; Miner et al, 2003) and VTA (Doherty and Pickel, 2000; Nocjar et al, 2002) where they could, at least in theory, modulate DA neuronal activity. In the mPFC, the vast majority of 5-HT2A receptors are localized to the apical dendrites of pyramidal cells and, to a lesser extent, GABAergic interneurons (Willins et al, 1997; Jakab and GoldmanRakic, 1998; Miner et al, 2003) . Thus, regulation of mesocortical DA by cortical 5-HT2A receptors could be a local effect or possibly involve a polysynaptic neural circuit.
Previous studies have suggested that 5-HT2 family receptors may regulate mesocortical DA neuronal activity. Systemic administration of DOI, a nonsubtype-selective 5-HT2A/B/C agonist, increased cortical DA efflux which could be blocked by the 5-HT2A-preferring antagonist M100907 (K i ¼ 1.92 for r5-HT2A: see on-line database: http://kidb. case.edu/pdsp.php; Gobert and Millan, 1999) . This effect is also observed when M100907 is infused directly into the cortex, suggesting a role for mPFC 5-HT2A receptors (Pehek et al, 2001) . Unfortunately, M100907 has appreciable affinities for 5-HT2C (K i ¼ 88 nM; http://kidb.case.edu/ pdsp.php) and many other biogenic amine receptors including a1-and a2-adrenergic and D1-dopamine receptors (http://kidb.case.edu/pdsp.php). The primary goal of the present study was to determine the local 5-HT2 receptor subtype responsible for regulating phasic DA release in the mPFC. To accomplish this, we examined a panel of potent 5-HT2A receptor antagonists (M100907, MDL 11,939, and SR46349B) along with a highly selective 5-HT2B/C inverse agonist SB 206553. Since the actual selectivity of these putatively 'selective' compounds is not known, receptorbinding studies were conducted to determine the preferential 5-HT2A vs 5-HT2C receptor affinities of MDL 11,939 and SR46349B, compared to M100907. The effect of intracortical administration of these antagonists on basal DA efflux was first determined to see whether the reported negligible role of cortical 5-HT2A receptors for basal DA function (Pehek et al, 2001) would be further confirmed. 5-HT2 receptor subtype involvement in DA release evoked by administration of the 5-HT2 agonist DOI was then determined using the 5-HT2 receptor antagonists that showed preferential binding for the 5-HT2A vs 2C receptor in the receptor-binding study above. Glutamate was also measured in the VTA after DOI and M100907 administration to begin to assess whether corticotegmental mechanisms might potentially mediate the effects of DOI on cortical DA release. And finally, we assessed whether mPFC 5-HT2 family receptors may modulate mesocortical DA release induced by natural physiological phenomena. Since mesocortical dopamine neurons are extremely responsive to stress (Thierry et al, 1976; Abercrombie et al, 1989; Sorg and Kalivas, 1993; Feenstra and Botterblom, 1996; Inglis and Moghaddam, 1999) , and stress increases 5-HT in the mPFC (eg Kawahara et al, 1993) , we examined the effect of cortical administration of the 5-HT2A receptor antagonist M10097 on DA release induced physiologically by stress (20 min of gentle handling). To assess the potential involvement of other 5-HT2 receptor subtypes, these results were contrasted with those following cortical administration of the selective 5-HT2B/C inverse agonist, SB 206,553. To extend the results to agents employed clinically, the atypical antipsychotic drug risperidone, which is a potent 5-HT2A antagonist (K i ¼ 0.26 at r5-HT2A) and weak 5-HT2C antagonist (K i ¼ 87 nM), was also tested (http://kidb.case. edu/pdsp.php). It was hypothesized that intracortical infusions of 5-HT2A antagonists would attenuate DOI and stress-induced DA release. It was further posited that DOI administration would increase VTA dialysate glutamate levels through an interaction with cortical 5-HT2A receptors. Our results demonstrate that 5-HT2A receptors modulate both drug-and stress-induced DA release in the mPFC and that some of the effects of atypical antipsychotic drugs such as risperidone on DA release are most likely mediated via 5-HT2A receptor blockade.
MATERIALS AND METHODS

Receptor-Binding Studies
Receptors. Cell lines stably transfected with recombinant cDNA encoding receptors or cell lines that express endogenous receptors were used for the comprehensive screening using the resources of the National Institute of Mental Health's Psychoactive Drug Screening Program (PDSP) as previously detailed . The recombinant receptors included (1) human adrenergic receptors, a1A, a1B, a2A, a2B, a2C, and rat adrenergic receptors, b1 and b2; (2) rat cannabanoid CB1 receptor; (3) dopaminergic receptors, hD1, rD2, rD3, rD4, and hD5; (4) human histamine receptors, H1, H2, and H4; (5) rat imidazoline receptor; (6) human muscarinic acetylcholine receptors, M1, M2, M3, M4, and M5; (7) human nicotinic acetylcholine receptors, a2/b2, a2/b4, a3/b2, a3/b4, a4/b2, and a4/b4; (8) human opiate receptors, m, d, and k; (9) human peptide receptors, V1, V2, V3, and OT; (10) serotonergic receptors, h5-HT1A, r5-HT1B, h5-HT1E, r5-HT2A, h5-HT2B, r5-HT2C, h5-HT3, h5-HT5A, h5-HT6, and h5-HT7; (11) human transporters of serotonin, norepinephrine, and dopamine as previously described (Roth et al, 1998; Rothman et al, 2000; Roth et al, 2001; Roth et al, 2002; Shapiro et al, 2002) ; and (12) rat metabotropic glutamate receptors, mGluR1a, mGluR2, mGluR4, mGluR5a, mGluR6, and mGluR8 as previously described (Gomeza et al, 1996; Wroblewska et al, 1997; Kozikowski et al, 1998; Shi et al, 2003) . The endogenous receptors included (1) GABA receptors, GABA A , GABA B , and GABA BZP from rat forebrain; (2) histamine receptor H1 from rat forebrain; (3) rat nicotinic acetylcholine receptor, a4/b2; (4) ionotropic NMDA glutamate receptor from rat forebrain; and (5) voltage-sensitive Ca 2 þ channel from rat heart. For the cloned receptors, HEK-293 cells were either stably or transiently transfected with the receptor of interest with the following exceptions: muscarinic receptors were expressed in CHO cells (see Davies et al (2005) for details) and r5HT2A and r5HT2C receptors were expressed in stable cell NIH 3T3 cell lines.
Radioligand competitive binding assays. Receptor-binding affinities were determined by radioligand competitive binding experiments. The assays were performed as previously detailed using cloned receptor preparations (Roth et al, 1998 Rothman et al, 2000; Shapiro et al, 2002) , or with forebrain membrane preparations containing the endogenous receptors of interest (Roth et al, 1991) .
Competitive binding assays were carried out under standard conditions as detailed previously Rothman et al, 2000) . The conditions for the different binding assays and K i values for reference ligands are as described previously (Shi et al, 2003) . On-line protocols for binding assays are available at http:// pdsp.cwru.edu/nimh/binding.htm. Binding data were performed in quadruplicate.
Microdialysis Studies
Animals. Male Sprague-Dawley rats (Zivic Miller, Alison Park, PA or Harlan, Indianapolis, IN) , weighing between 200 and 350 gm at the time of surgery, were used for all experiments. Rats were housed two per cage in a temperature-controlled room with a 12/12 h light/dark cycle. Food and water were available ad libitum. All animal procedures were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the local animal care committee. All efforts were made to minimize the number of animals used and their suffering.
Surgery. Rats were anesthetized with a mixture of xylazine and ketamine (6 and 70 mg/kg, respectively; administered i.m.) and mounted on a stereotaxic frame. After dura was removed, 21 g stainless steel guide cannulae were mounted on the brain surface above the mPFC ( þ 3.2 AP, ML 0.8) (Paxinos and Watson, 1998) . For dual-probe studies, a second cannula was mounted above the VTA (À5.60 AP, ML 0.6). The cannulae, with wire obturators, were secured in place with three set screws covered with cranioplastic cement. Animals were returned to the colony room, singly housed and allowed to recover for 2-5 days prior to the experiments. Probe locations were verified histologically at the completion of the experiments. If improperly placed, the animal was excluded from the experiment.
Microdialysis. Microdialysis probes were of a concentric flow design (Yamamoto and Pehek, 1990) . mPFC probes were constructed with a 5.0 mm active dialyzing surface membrane (Spectra/Por Hollow, MW cutoff ¼ 13 000, diameter ¼ 240 mm) to effectively dialyze from the dorsal anterior cingulate to the most ventral region of the infralimbic mPFC. VTA probes were constructed with a 1.0 mm active dialyzing surface at the most ventral extention of the probe to effectively dialyze the mediolateral parabrachial and paranigral VTA. The afternoon prior to microdialysis experiments animals were placed in clear plexiglas microdialysis chambers (Harvard Apparatus) with food and water available ad libitum. Probes were lowered slowly through the guide cannulae of awake rats and secured in place with cyanoacrylate glue. Animals were then returned to their dialysis chambers and tethered to counterbalance arms (Instech, Plymouth Meeting, PA) that permitted free movement about the chamber. A microinfusion pump (PHD 2000 TM , Harvard Apparatus) and liquid swivel (Instech) were used to perfuse a modified Dulbecco's artificial cerebrospinal fluid (aCSF) buffer solution (137 mM NaCl, 3 mM KCl, 1.2 mM MgSO 4 , 0.4 mM KH 2 PO 4 , with 1.2 mM CaCl 2 and 10 mM glucose; pH 7.4) through the probes. After baseline collections, drugs dissolved in the aCSF were administered by reverse dialysis. Tubing connections were switched manually while maintaining a constant flow rate and collection volume. Samples were immediately analyzed for DA content and frozen for later assay of glutamate.
Drugs. (7)-DOI hydrochloride, (7)-2,5-Dimethoxy-4-iodoamphetamine hydrochloride, was obtained from SigmaAldrich (St Louis, MO). M100907, R-( þ )-4-[1-hydroxy-1-(2,3-dimethoxyphenyl)methyl]-N-2-(4-flouro-phenylethyl)-piperidine, was kindly donated by Marion Merrell Dow; risperidone was kindly donated by Janssen Pharmaceutica; SB 206553, N-3-Pyridinyl-3,5-dihydro-5-methylbenzo(1,2-b:4, 5-b 0 )dipyrrole-1(2H)carboxamide hydrochloride 5-methyl-1-(3-pyridylcarbamoyl)-1,2,3,5-tetrahydropyrrolo[2,3-f]indole, was kindly donated by Smithkline and Beecham; and SR 46349B, trans, 3-(2-dimethylaminoethyl)oxyimino-3(2-flurophenyl þ þ þ )propen-1-yl]phenol hemifumarate, was kindly donated by Sanofi Recherche. MDL 11,939, aPhenyl-1-(2-phenylethyl)-4-piperidinemethanol, was purchased from Tocris Cookson (Bristol, UK). For intracortical administration, all drugs were initially dissolved in water containing 1.5-5 ml of glacial acetic acid to make a 10 mM stock solution. They were then further diluted to 1.0-10.0 mM concentrations with aCSF. Concentations refer to the base forms of the antagonists. The pH of all aCSF solutions was adjusted to 7.4. DOI was injected systemically (s.c.) and was dissolved in water (2.5 mg/kg/ml, dose refers to the salt).
Chromatography. HPLC with electrochemical detection was used to measure dialysate DA, 5-HT, and glutamate content.
DA and 5-HT: DA and 5-HT concentrations in dialysate samples were measured by reverse phase HPLC coupled with electrochemical detection. In total, 20 ml samples were injected immediately after collection onto a 2 Â 100 mm Phenomenex (Torrance, CA) column (Ultracarb TM , 3 mm particle size, ODS 20). The mobile phase consisted of 32 mM anhydrous citric acid, 54 mM sodium acetate trihydrate, 0.074 mM EDTA, 0.215 mM octylsulfonic acid, and 3% methanol (vol/vol), pH 4.2. To maintain separation of DA and 5-HT from its metabolites and 5-hydroxyindoleacetic acid, the pH of the mobile phase and the concentration of the octylsulfonic acid were adjusted as needed. A BAS LC-4C or Antec INTRO electrochemical detector with a glassy carbon electrode, maintained at a potential of þ 0.60 V relative to an Ag/AgCl reference electrode, was employed.
Glutamate: Frozen dialysate samples were defrosted and 14 ml was placed into a refrigerated autosampler (ThermoQuest, Thermo Separation Products, San Jose, CA). Samples were precolumn derivatized with ophthaldehyde (OPA) using a slightly modified version of the procedure of Donzanti and Yamamoto (1988) . The derivatizing solution was prepared by mixing 27 mg OPA with 1 ml methanol. Then, 9 ml of 0.05 M sodium tetraborate and 5.0 ml of b mercaptoethanol were added. This mixture was diluted further with sodium tetraborate (1 : 3). Next, 7 ml of this solution was automatically mixed with the sample and then 10 ml was injected onto a 2 Â 100 mm Phenomenex column (Ultracarbt, 3 mm particle size, ODS 20), maintained at 351C. The mobile phase consisted of 14.2 g Na 2 HPO 4 , 0.5 g Na 2 EDTA, 25% methanol, and pH 4.2. A Bioanalytical Systems LC-4C electrochemical detector with a glassy carbon electrode was used to detect the derivatized amino acids and was maintained at a potential of 0.6 V (range 20 nA/V).
Histology. After microdialysis experiments were completed, probe placements were verified histologically. Only animals, whose probe placements were verified to be in the mPFC, or the mPFC and the VTA for the dual probe study, were used in this study.
Data analysis. Microdialysis data were expressed as the percentage of the average baseline level (last three baseline samples prior to treatment). Two-way ANOVAs, with drug group as the between factor and time as the within factor, were used to analyze data between drug treatment groups. One-way repeated measures ANOVAs, with time as the within factor, were used to analyze data from individual drug treatment groups. Following significant F-values, Dunnett's post hoc tests for comparing treatment means with a control were employed.
Procedures
Receptor-binding properties of two 5-HT2A antagonists: MDL 11,939 and SR 46349B. This experiment screened the receptor-binding properties of MDL 11,939 and SR 46349B. If a compound displaced radioligand binding by 50% or more, then its K i was determined as detailed above.
Effects of the 5-HT2A antagonists MDL 11,939 and SR 46349B on cortical DA release. This experiment investigated the effects of intracortical administration of MDL 11,939 and SR 46349B on basal DA efflux in the mPFC. In addition, since Experiment 1 determined that MDL 11 939, but not SR46349B, showed strong preferential selectivity for the 5-HT2A vs the 5-HT2C receptor, we examined the effects of this ligand on 5-HT2 agonist (DOI)-stimulated DA release. At 2-4 days after rats had been implanted with cannulae above the mPFC, microdialysis probes were lowered slowly through the cannulae. After 18-24 h, aCSF perfusion began at a rate of 1.0 ml/min. Samples were collected every 30 min for immediate determination of DA in the mPFC. After baselines had stabilized (approximately 3 h), either SR 46349B or MDL 11,939 was perfused through the mPFC of two separate groups of rats to test the effect of 5HT2A receptor antagonism on basal DA efflux. SR 46349B was perfused through the mPFC for 1 h at a concentration of 1.0 mM followed by 1 h at a concentration of 10 mM as similarly tested with M100907 (Pehek et al, 2001) . MDL 11,939 was perfused at a 10 mM concentration for 3 h. To test the effect of 5HT2A receptor antagonism on drug-induced DA efflux, one group of rats was injected with DOI (2.5 mg/ kg s.c.) 30 min after perfusion with 1.0 mM MDL 11,939 began (Pehek et al, 2001 ). This group was compared to a group receiving DOI injection and drug-free aCSF and a control group that received vehicle injections but no drug.
5-HT2A receptor regulation of stress-induced DA release in the PFC. This study determined whether intracortical infusions of the 5-HT2A antagonist M100907 would attenuate DA efflux elicited by a mild stress. Since M100907 has been extensively utilized in the literature to assess 5-HT2A receptor function compared to MDL 11,939, and we previously found that cortical 10 mM M100907 blocked DOI-induced DA release in the mPFC (Pehek et al, 2001) , it was implemented in this study to begin to assess 5-HT2A receptor mechanisms in stress-induced cortical DA release. This concentration of M100907 does not alter basal DA levels in the mPFC (Pehek et al, 2001) . Probes were lowered into guide cannulae placed over the mPFC in awake rats 18-24 h before the experiment began. At the start of the experiment, probes were perfused at a rate of 1.5 ml/min and samples were collected every 20 min until baselines were stable. A 10 mM concentration of M100907 or drug-free aCSF was then perfused through the probes in two separate groups of rats. After 20 min, rats were stressed for 20 min. The stressor consisted of gentle stroking ('petting'), a procedure which reliably increases DA effux in rats (Inglis and Moghaddam, 1999) . In M100907-treated animals, drug infusion continued during the stressor and until the end of the experiment. These results were compared to those following 10 mM infusions of the selective 5-HT2B/C inverse agonist SB 206553. Local administration of 10 mM SB206553 does not alter basal DA levels in the mPFC (Alex et al, 2005) .
Effects of risperidione on stress-induced DA release in the MPFC. This experiment examined whether administration of risperidone by reverse dialysis would alter handlinginduced cortical DA efflux. Procedures were the same as the previous experiment except risperidone was infused beginning 40 min before the stressor was applied, to show that basal DA efflux was stable prior to stress application. Risperidone increases DA release in the mPFC when administered systemically, but cortical application of selective 5-HT2A antagonists do not (see Discussion). These results were compared to a control group that received aCSF without drug.
Cortical 5-HT2A receptor regulation of mesocortical DA and corticotegmental glutamate. This experiment investigated the regulation of DA efflux in the mPFC and glutamate in the VTA by 5-HT2A receptors in the mPFC. Due to the extensive use of M100907 in the literature, and to tie the findings in this study to previous results (Pehek et al, 2001) , we used 10 mM M100907 to assess cortical 5-HT2A receptor involvement. Rats were implanted with two cannulae: one above the mPFC and one above the VTA. After 2-4 days, on the morning of the experiment, microdialysis probes were lowered slowly through these cannulae. aCSF was then perfused immediately at a rate of 1.0 ml/min through both probes. This procedure of initiating the experiment immediately following probe insertion was utilized because we and others have found that brain injuryderived, that is, non-neuronal, levels of glutamate are higher 18-24 h following probe implantation (Obrenovitch et al, 1993; Xue et al, 1996) . Samples were collected every 30 min for immediate determination of DA in the mPFC and subsequent determination of glutamate in the VTA. The VTA dialysate was frozen for later analysis of glutamate. Samples were collected until baseline dopamine levels were stable (approximately 3 h after probe implantation). A 10 mM solution of M100907 or aCSF without drug (control) was then infused into the mPFC. After 30 min, half of each group also received either an injection of the 5-HT2 agonist DOI (2.5 mg/kg s.c.) or vehicle (water). This created four treatment groups: (1) intracortical M100907 and s.c. DOI, (2) intracortical aCSF and s.c. DOI, (3) intracortical M100907 and s.c. vehicle, and (4) intracortical aCSF and s.c. vehicle. Only animals with correct placements in both the VTA and mPFC were included in data analysis.
RESULTS
Receptor-Binding Properties of Two 5-HT2 Antagonists: MDL 11,939 and SR 46349B
Both MDL 11,939 and SR 46349B had high affinities for 5-HT2A receptors (K i (nM) ¼ 2.89 and 0.95, respectively, see Table 1 ). However, these ligands differed with respect to their affinities for 5-HT2C receptors. While SR 46349B had high affinity for 5-HT2C receptors (K i ¼ 8.24), MDL 11,939 had relatively low affinity (K i ¼ 853.6). Thus, of the two ligands, MDL 11,939 was the most selective. For comparison, the putatively selective 5-HT2A antagonist M100907 has higher affinity for the 5-HT2A (K i ¼ 1.92) vs the 5-HT2C (K i ¼ 88) receptor (data from PDSP data base: http:// kidb.case.edu/pdsp.php). Both MDL 11,939 and SR 46349B had low or no affinity for non-5-HT2 receptors (see Table 1 ). M100907 has been previously reported to have appreciable affinity for various adrenergic receptors, H1-histamine, and sigma receptors and low affinities for D1 and D4 dopamine receptors (http://kidb.case.edu/pdsp.php).
Effects of the 5-HT2A Antagonists MDL 11,939 and SR 46349B on Cortical DA Release Figure 1a illustrates the location of dialysis probes within the mPFC for this and subsequent experiments. Figure 2a shows that intracortical perfusion with either 1.0 or 10 mM SR 46349B (n ¼ 7) or 10 mM MDL 11,939 (n ¼ 5) did not significantly alter basal DA efflux (average basal levels of DA for these two groups were 0.5670.07 pg/20 ml). As shown in Figure 2b , intracortical MDL 11,939 pretreatment blocked DOI-induced DA release in the mPFC. A two-way ANOVA (drug group Â time) indicated that extracellular DA levels were significantly different in animals treated systemically with vehicle, DOI alone, or DOI plus intracortical MDL 11,939 (overall drug group effect: F(2,19) ¼ 4.47, p ¼ 0.03). Indeed, rats treated with DOI alone showed significantly higher DA levels than MDL 11,939 þ DOIcotreated rats (drug group effect: F(1,13) ¼ 4.67, p ¼ 0.05). Post hoc one-way ANOVAs (time) revealed that animals treated with DOI alone showed significantly increased dialysate DA levels following treatment (time effect: F(6,54) ¼ 4.18, p ¼ 0.002; n ¼ 10; see DOI group Figure 2b ), while vehicle controls (n ¼ 7) and animals cotreated with DOI plus intracortical MDL 11,939 (1 mM, n ¼ 5) did not (p's40.05). Average basal DA levels for these last three groups were 0.4170.04 pg/20 ml, n ¼ 22). Figure 4a , mild handling stress increased mPFC DA levels again in a subsequent experiment, and intracortical M100907 pre- Figure 4a ), but not in animals treated with intracortical 10 mM M100907 (F(6,66) ¼ 1.306, p40.05, n ¼ 12). As seen in Figure 4b , mild handling still increased mPFC DA levels in animals treated intracortically with 10 mM SB 206553 (time effect: F(6,30) ¼ 5.37, po0.001, n ¼ 6). The average basal levels of DA for these last three groups were 0.4370.04 pg/20 ml, n ¼ 25). Thus, cortical 5-HT2A receptor blockade diminished stress-induced increases in mPFC DA, while 5-HT2B/2C receptor blockade did not.
Effects of Risperidione on Stress-Induced DA Release in the mPFC
As shown in Figure 4c , 20 min handling stress again increased cortical DA levels in another group of rats, and local risperidone treatment blocked this effect. A two-way ANOVA (drug group Â time) of this data revealed a significant drug group Â time interaction (F(6,66) ¼ 3.68, p ¼ 0.003) between these two groups. Indeed, vehicletreated rats showed significantly increased cortical DA efflux following handling (time effect: F(6,36) ¼ 6.27, po0.001, n ¼ 7; Figure 4c ), while animals pretreated locally with 10 mM risperidone infusion did not (F(6,30) ¼ 0.21, p40.05, n ¼ 6). The average basal levels of DA for this experiment were: 0.6870.08 pg/20 ml, n ¼ 13.
Cortical 5-HT2A Receptor Regulation of Mesocortical DA and Corticotegmental Glutamate Prefrontal cortical dopamine. A total of 26 rats were used for this experiment but, due to chromatographic problems with the DA assay, only 18 were used for the DA measurements (all 26 were used for the glutamate measurements, see below). Both the VTA and mPFC probes were functional in all 26 rats (see probe locations in Figure  1b and a, respectively). As seen in Figure 5a , systemic injections of DOI alone increased DA levels in the mPFC of rats, but this was not seen in animals cotreated with DOI and intracortical M100907. A two-way ANOVA (drug group Â time) revealed that mPFC DA levels were significantly different between animals in the four treatment groups shown in Figure 5a (overall drug group effect: F(3,14) ¼ 3.79, p ¼ 0.035). Post hoc analysis indicated that rats treated with DOI alone showed significantly increased dialysate DA levels in the mPFC following treatment (time effect: F(6,18) ¼ 2.92, p ¼ 0.04, n ¼ 4). These subsided and returned to baseline levels by 2 h post injection. However, rats given DOI plus intracortical M100907 cotreatment showed the reverse (F(6,24) ¼ 2.77, po0.03, n ¼ 5). Indeed, infusions of M100907 reversed the early DA increases by DOI and gradually diminished DA levels once the effect of DOI had subsided. There were no changes in DA levels in vehicle controls (p40.05, n ¼ 4). Although DA levels diminished in animals treated with intracortical M100907 alone (time effect: F(6,24) ¼ 3.47, po0.01, n ¼ 5), significant decreases relative to controls were only shown at two later time points across the 3 h treatment (p'so0.05, see Figure 5a ). Average basal levels for this experiment were 0.5070.03 pg/20 ml, n ¼ 18.
VTA glutamate. The above four treatment groups also had an additional microdialysis probe located in the VTA, which allowed simultaneous assessment of VTA glutamate response to systemic DOI treatment. As can be seen in Figure 5b , systemic injections of DOI increased glutamate in the VTA and intracortical M100907 cotreatment reversed this effect. A two-way ANOVA (drug group Â time) revealed that glutamate levels were significantly different between animals in the four treatment groups (overall drug group effect: F(3,22) ¼ 3.08, p ¼ 0.048). A marginal drug group Â time interaction was also shown (F(18,132) ¼ 3.68, p ¼ 0.053). Indeed, systemic DOI significantly increased dialysate glutamate levels (time effect: F(6,36) ¼ 3.20, p ¼ 0.01, n ¼ 7), while DOI plus intracortical M100907 cotreatment did not Figure 5a vs b) . Similarly, this effect was reversed by intracortical M100907 cotreatment.
DISCUSSION
The main finding of the present work is that blockade of prefrontocortical 5-HT2A receptors blocks the evoked release of DA from the mesocortical pathway. Importantly, 5-HT2A receptors could be implicated in regulating both pharmacologically and physiologically induced DA release. Intracortical perfusion with two different 5-HT2A antagonists, MDL 11,939 and M100907, attenuated DA efflux induced by the systemic administration of the 5-HT2 agonist DOI. These antagonists, as well as a third, SR 46349B, either did not alter basal dialysate DA or produced a small decrease, indicating that cortical 5-HT2A receptors do not generally modulate basal DA release in the mPFC. Rather, either the pharmacological stimulation of 5-HT2A receptors or their physiological stimulation by endogenous 5-HT may act to boost cortical DA levels. One situation in which this may occur is during stress. Stress is known to increase cortical 5-HT (Kawahara et al, 1993) and DA release (eg Abercrombie et al, 1989) . Stress increased both neurochemicals in the present work (see Figure 3) . Furthermore, antagonism of cortical 5-HT2A receptors blocked stress-induced DA efflux. In contrast, local inverse agonism of 5-HT2B/C receptors did not. Thus, endogeneous 5-HT, released during stress, appears to act on prefrontocortical 5-HT2A receptors to potentiate DA release. These findings agree with, and build upon, recently published data. Gobert and Millan (1999) demonstrated that systemic administration of M100907 blocked DOI-induced DA release in the PFC. However, as mentioned previously, due to the robust pharmacology of M100907, it is not possible from these studies to unequivocally invoke 5-HT2A receptors in this response. Nonetheless, De Deurwaerdere and Spampinato (1999) observed that treatment with the 5-HT2A/2C antagonist SR 46539B also blocked phasic DA release in the nucleus accumbens. Systemic administration of M100907 attenuated fluoxetine-induced increases in cortical DA (Zhang et al, 2000) . The current study compared the intracortical administration of several 5-HT2A antagonists (M100907, MDL 11,939, risperidone) on phasic DA release in the mPFC. The findings indicate that 5-HT2A receptors regulate phasic mesocortical DA release, and that these receptors are localized, at least in part, to the medial PFC, where they are abundant. However, SR 46349B is much less selective (only eight-fold selectivity for the 5-HT2A vs the 5-HT2C receptor, see Table 1 ). Recent work has consistently shown that the systemic administration of M100907 alone does not alter basal mPFC DA levels over a wide range of doses (eg Bonaccorso et al, 2002) . While moderate doses (1-3 mg/ kg) of SR 46349B also did not alter DA in the mPFC or nucleus accumbens, a higher dose (10 mg/kg) increased cortical DA efflux (Bonaccorso et al, 2002) . This increase may reflect the relative nonselectivity of SR 46349B and may have resulted from actions on 5-HT2C receptors (K i ¼ 8.24, see Table 1 ). Other work has shown that systemic administration of 5-HT2C antagonists or inverse agonists increases cortical DA efflux (Millan et al, 1998; Gobert et al, 2000; Pozzi et al, 2002) . In contrast to systemic administration, we clearly show that intracortical SR 46349B, as well as MDL 11,939 do not alter basal DA levels in the mPFC. (c) Intracortical perfusion with risperidone (10 mM, RISP) blocked stressinduced DA efflux. Drugs were infused for 2 h as indicated by the lines. Rats were gently handled for 20 min at the times indicated by the hatched bars. In contrast to intracortical M100907 and SB 206553 pretreatment, risperidone infusion began 40 min before handling stress was applied to be sure that mPFC DA levels were stable under the treatment prior to stress application (see text). Data are the means7SEMs. *po0.05 relative to pre-drug baseline. Cortical administration of the 5-HT2B/2C inverse agonist, SB206553, also does not alter basal mPFC DA levels (Alex et al, 2005) . Thus, increases in cortical DA efflux by systemic application of drugs with 5-HT2A or 5-HT2C antagonist properties is not due to their interaction with cortical 5-HT2A or 5-HT2C receptors. Interestingly, intracortical infusions of M100907 slightly decreases basal DA release (Pehek et al, 2001 ; current work, see Figure 5 ). The equally potent 5-HT2A antagonist MDL 11,939 did not diminish basal DA levels in this study, and it is even more preferentially selective for the 5-HT2A vs 5-HT2C receptors than M100907 (see Table 1 ). The moderate affinity of M100907 for the 5-HT2C receptor (K i ¼ 88.0 nM, see Table 1) would not induce this decrease (Alex et al, 2005) . Possibly the slight change by M100907, and absence by MDL 11,939, is due to their differential a1 adrenergic receptor-binding properties (K i ¼ 128 vs 1800, respectively; see Table 1 ). Local antagonism of adrenergic a1 receptors diminish DA levels in the mPFC (Pan et al, 2004) . Nonetheless, selective antagonism of cortical 5-HT2A receptors clearly does not increase basal DA efflux in the mPFC.
In contrast to studies employing the administration of 5-HT2A antagonists alone, the combined, systemic administration of D2 and 5-HT2A receptor antagonists results in a potentiation of DA release (Westerink et al, 2001; Liegeois et al, 2002) . Although the exact mechanism is not clear, evidence has been provided that this effect may be mediated by a combined potent 5-HT2A and relatively weak D2 receptor effect interacting with 5-HT1A receptor-regulated brain mechanisms (Bonaccorso et al, 2002; Ichikawa et al, 2001) . This potentiation may also result from the actions of drugs on DA cells in the VTA. We have shown that many VTA DA neurons express 5-HT2A receptors (Nocjar et al, 2002) . It is clear from the present work that selective antagonism of cortical 5-HT2A receptors does not increase basal DA efflux but, in fact, blocks evoked DA release.
Electrophysiological studies indicate that stimulation of mPFC 5-HT2A receptors increases pyramidal cell activity (Aghajanian and Marek, 1997) , suggesting that 5-HT2A receptor agonism may increase the activity of corticotegmental glutamatergic projection neurons. Indeed, systemic administration of the 5-HT2 agonist DOI increased glutamate efflux in the VTA in the present study. Infusions of M100907, directly into the mPFC, blocked this increase, implying that the relevant 5HT2A receptors were localized in the mPFC. In the same animals, treatment with DOI increased mPFC DA efflux and this was also blocked by intracortical administration of M100907. Thus, systemic DOI increased glutamate in the VTA and DA in the mPFC, in the same animals, through a cortical 5-HT2A receptor mechanism. Interestingly, Artigas and co-workers recently found that either the systemic or intracortical administration of DOI increased the activity of VTA mesocortical DA neurons (Bortolozzi et al, 2004) . This was blocked by the intracortical administration of 5-HT2A antagonists. Thus, both studies suggest that regulation of mesocortical DA by cortical 5-HT2A receptors may involve a polysynaptic neural circuit. A subset of cortical pyramidal neurons synapse on mesocortical DA cell bodies in the VTA (Sesack and Pickel, 1992; Carr and Sesack, 2000) , and the majority of 5-HT2A receptors in the mPFC are localized to the apical dendrites of pyramidal cells (Willins et al, 1987; Jakab and Goldman-Rakic, 1998; Miner et al, 2003) . Other potential circuits would be indirect projections from the mPFC to the VTA. A role for presynaptic regulation of DA release also cannot be discounted. 5-HT2A receptors have been recently found in the mPFC on presynaptic axons and varicosities that expressed morphological features of monoamine axons (Miner et al, 2003) . We have previously shown that intracortical infusions of M100907 block local K þ -stimulated DA release in the mPFC (Pehek et al, 2001) . Since high K þ stimulates transmitter release by depolarizing nerve terminals, it is possible that M100907 may have acted to block DA efflux through actions on 5-HT2A receptors localized presynaptically on DA terminals.
The present work demonstrates that mPFC 5-HT2A receptors do not generally modulate basal cortical DA release. Rather, endogenous 5-HT, released phasically, appears to activate cortical 5-HT2A receptors to subsequently stimulate DA release. Acute stress increases the release of cortical 5-HT (Figure 3 ; Kawahara et al, 1993) and DA (eg Abercrombie et al, 1989; Kawahara et al, 1999) . The current findings demonstrate that blockade of cortical 5-HT2A receptors attenuates mild stress-induced DA release: this is the first evidence that cortical 5-HT2A antagonism blocks physiologically induced DA efflux in the mPFC. This effect did not involve other 5-HT2 family receptors, since the 5-HT2B/C inverse agonist SB 206553 did not alter stressinduced cortical DA. Thus, physiologically induced phasic release of DA in the mPFC depends, at least partially, on activation of local 5-HT2A receptors in the area. Interestingly, behavioral deficits in prepulse inhibition, which are known to be regulated in the mPFC, are reversed by M100907 in animals with genetically elevated synaptic levels of DA (Barr et al, 2004; Gainetdinov et al, 1999) . Thus, its been suggested that 5-HT2A antagonists may be useful in the treatment of conditions characterized by chronic, elevated dopaminergic tone (Gainetdinov et al, 1999) . Indeed, a recent large-scale placebo-controlled clinical trial with SR46349B demonstrated its ability to treat schizophrenia (Meltzer et al, 2004) , and we have shown in this study that it has a high affinity for the 5-HT2A receptor. M100907 has a similar affinity for the 5-HT2A receptor as SR46349B (see Table 1 ), but was minimally effective in treating two schizophrenia patients in a recent report (Talvik-Lotfi et al, 2000) , although the authors stress that efficacy shown with a sample of two is clearly not conclusive (Talvik-Lotfi et al, 2000) . Nonetheless, SR46349B, in contrast to M100907, also has high affinity for the 5-HT2C receptor (see Table 1 ). Many atypical antipsychotic drugs that bind to the 5-HT2A receptor also show moderate to potent 5-HT2C receptor-binding properties (Roth et al, 2004) , suggesting that efficacy may involve some combination of effect between these receptors. However, our current findings with SB206553 indicate that intracortical 5-HT2C antagonism, without 5-HT2A antagonism, does not alter phasic DA release in the mPFC.
In the present study, intracortical infusions of the atypical antipsychotic drug risperidone also blocked stress-induced DA release. This effect may have been mediated, at least partially, by blockade of local 5-HT2A receptors, since cortical M100907 induced a similar effect. It is unknown whether cortical risperidone infusion, as used in the current work, would increase 5-HT levels in the mPFC as has been Serotonin-2A receptors and prefrontocortical dopamine release EA Pehek et al shown with systemic risperidone treatment (Ichikawa et al, 1998; Hertel et al, 1996 ; although see Zhang et al, 2000; Ojima et al, 2004) . If so, other non-5-HT2 serotonin receptors could be implicated in this stress effect of risperidone. 5-HT2A and 5-HT1A receptors locally modulate 5-HT in the mPFC (Martin-Ruiz et al, 2001) . However, risperidone is a 5-HT2A antagonist and cortical 5-HT2A antagonist treatment does not increase 5-HT locally (Martin-Ruiz et al, 2001) . Also, risperidone has low affinity for the 5-HT1A receptor (K i ¼ 250 nM; http://kidb.case.edu/ pdsp.php).
Like other atypical antipsychotic drugs, risperidone has a robust pharmacology, binding to many biogenic amine receptors (Roth et al, 2004) , including 5-HT2A-serotonin and D2-dopamine receptors. Indeed, this combination of properties may explain why the systemic administration of higher doses (1 mg/kg) of risperidone produces increases in mPFC DA efflux (Hertel et al, 1996; Kuroki et al, 1999; Zhang et al, 2000) . Lower doses of risperidone (0.004 mg/ kg), like M100907, do not alter cortical DA efflux (Westerink et al, 1998 (Westerink et al, , 2001 ). These lower doses may result in more selective effects on 5-HT2A receptors and are closer to the range employed clinically. Studies suggest that risperidone may not increase prefrontal DA release clinically in schizophrenia patients (Miller et al, 2001; Molina et al, 2003) .
The possibility exists that 5-HT2A receptor blockade may have clinical utility in the treatment of conditions linked to a phasic hyperactivity of DA systems. Preclinical studies indicate that supranormal DA activity in the mPFC may be maladaptive. DA released during stress (Arnsten and Goldman-Rakic, 1998) or supranormal D1 receptor stimulation (Zahrt et al, 1997; Goldman-Rakic et al, 2000) both impair cognitive function. Phasic PFC DA function appears to be magnified in schizophrenia patients (Laruelle et al, 1999) and basal cortical DA function possibly diminished (see Molina et al, 2005a, b) . Indeed, PFC D1 receptors are upregulated in these patients (Abi-Dargham et al, 2002) . Phasic release of DA by stress or drugs under these conditions would induce a magnified effect. Indeed, schizophrenic patients are more sensitive to stress and more sensitive to the psychotic and cognitive impairing effects of amphetamine (Abi-Dargham et al, 1998; Breier et al, 1997; Laruelle et al, 1999) . Stress is also known to exacerbate schizophrenic symptoms. Thus, the clinical efficacy of risperidone, and other atypical antipsychotic drugs, which block 5-HT2A receptors, could be at least partially due to their ability to diminish the effect of stress on mPFC function in these patients.
However, it should be noted that a large body of evidence indicates that reduced DA tone in the mPFC is associated with impaired cognition (Jentsch and Roth, 1999) . Indeed, the cognitive deficits and negative symptoms of schizophrenia have been associated with basal dopaminergic hypoactivity in the PFC (Weinberger, 1987) . Therefore, it is likely that an optimal balance of DA tone in the PFC is essential for normal cortical function (Williams and Goldman-Rakic, 1995) . Highly efficacious antipsychotic drugs may have receptor-binding properties that increase basal mesocortical DA release while decreasing evoked DA release. In fact, it has been proposed that schizophrenia may be related to deficits in both tonic and phasic DA release (Grace, 1991) . Interestingly, intracortical administration of 5-HT2A or 5-HT2C receptor antagonists do not alter basal mPFC DA (Pehek et al, 2001; Alex et al, 2005 ; current work). However, systemic administration of selective 5-HT2C anatagonists increase basal DA levels in the mPFC (see Di Matteo et al, 2001) , while the selective 5-HT2A receptor antagonist M100907 does not (eg Bonaccorso et al, 2002) . In contrast, intracortical M100907 blocks phasic DA release in the mPFC, while selective 5-HT2C antagonists do not (Pehek et al, 2001 , current work). Thus, the binding affinity of atypical antipsychotic treatments to both of these receptors may be particularly important (Roth et al, 2004; Meltzer et al, 2003) . Indeed, their efficacy could be due to their ability to increase basal cortical DA levels through 5-HT2C receptors located outside the PFC, and to their ability to diminish phasic cortical DA levels through their interaction with 5-HT2A receptors located within the PFC. An important area of future work would be to determine whether other atypical antipsychotic drugs that increase basal mPFC DA levels when administered systemically to animals (Meltzer et al, 2003) would also locally diminish mPFC DA release induced phasically by stress. Indeed, recent PET studies suggest that the highly efficacious drug clozapine may increase basal DA function in the PFC of schizophrenia patients (Cohen et al, 1997; Lahti et al, 2003; Molina et al, 2005a; Potkin et al, 2003) . However, one exposure to amphetamine, which phasically increases cortical DA function in these patients, worsens their psychosis (Laruelle et al, 1999) .
In summary, intracortical administration of two 5-HT2A antagonists blocked mesocortical DA release induced by the systemic administration of the 5-HT2 agonist DOI. Treatment with DOI also increased glutamate efflux in the VTA and DA release in the mPFC of the same animals; effects blocked by cortical 5-HT2A receptor antagonism. These results indicate that stimulation of cortical 5-HT2A receptors facilitates mesocortical DA release. They suggest that this effect may be mediated by the activation of corticotegmental glutamatergic projections that synapse on mesocortical DA neurons, although further work must be carried out to test this hypothesis. Importantly, blockade of cortical 5-HT2A receptors or local perfusion with the antipsychotic drug risperidone also attenuated mild stressinduced DA release in the PFC. Thus, cortical 5-HT2A receptors modulate the evoked release of DA in the mPFC, including that which is induced physiologically by stress. It is well known that schizophrenia is exacerbated by stress. Thus, the clinical efficacy of risperidone and other atypical antipsychotic treatments may be due, at least partially, to their ability to diminish stress-induced effects in the mPFC.
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